Sooty blotch and flyspeck: Evaluation of remotely estimated weather inputs to disease-warning systems and delineation of fungal taxa closely grouping with Mycosphaerella madeirae by Tatalovic, Nenad -
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2009
Sooty blotch and flyspeck: Evaluation of remotely
estimated weather inputs to disease-warning
systems and delineation of fungal taxa closely
grouping with Mycosphaerella madeirae
Nenad -. Tatalovic
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Plant Pathology Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Tatalovic, Nenad -., "Sooty blotch and flyspeck: Evaluation of remotely estimated weather inputs to disease-warning systems and
delineation of fungal taxa closely grouping with Mycosphaerella madeirae" (2009). Graduate Theses and Dissertations. 10544.
https://lib.dr.iastate.edu/etd/10544
Sooty blotch and flyspeck: Evaluation of remotely estimated weather inputs to 
disease-warning systems
and 
delineation of fungal taxa closely grouping with Mycosphaerella madeirae 
by
Nenad Tatalović
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE
Major: Plant Pathology
Program of Study Committee:
Mark L. Gleason, Major Professor
Thomas C. Harrington
S. Elwynn Taylor
Paul A. Domoto
Iowa State University
Ames, Iowa
2009
Copyright © Nenad Tatalović, 2009. All right reserved.
iii2

This thesis is dedicated to people who mean the most to me, to my loving 
family.

“Pitam se nekad zašto sam srećna, i šta mi to ulepšava dan, kako postoji
jedna ljubav večna, stvarna i ne samo san… Ja imam samo blaga dva, čije sa
radošću osluškujem stope, čija me ljubav pokreće sa dna i čiji mi osmesi dušu
tope… Radost su danu svakom i moj mir, moje duše su svaki deo, dva sunca, moje
zvezde i svemir, Danica što sija i moj život ceo…”
α επιθυμούσα να εκφράσω την ευγνωμοσύνη μου στον αγαπητό φίλο μου 
Θεόδωρος K που έκανε τόσο πολύ για μενα. Η υποστήριξή σας 
σημαίνει πολύ σε μένα, σας ευχαριστώ με όλη την καρδιά μου θείο Ρακι… όπως το 
ονόμα σας λέει, είσαι ένα δώρο από το Θεό. 
Ο Θεός σας ευλογεί.
Hvala,
Nenad Tatalović
ii
1ii
TABLE OF CONTENT
ABSTRACT…..……………………….…………………………………………….iv
CHAPTER 1. GENERAL INTODUCTION……………………………………...…1
Thesis organization…………………………………………………………..1
Literature review……………………………………………………………..1
Thesis objectives……………………………………………………………16
Literature cited…………………………………………………….………..17
CHAPTER 2. FIELD EVALUATION OF REMOTELY ESTIMATED WEATHER 
INPUTS TO DISEASE-WARNING SYSTEMS FOR CONTROL OF SOOTY 
BLOTCH AND FLYSPECK OF APPLE AND ANTHRACNOSE OF 
WATERMELON……………………………………………………………….…..26
Abstract……………………………………………………………………..26
Introduction…………………………………………………………………27
Materials and Methods……………………………………………………...29
Results………………………………………………………………………32
Discussion…………………………………………………………………..34
Acknowledgements…………………………………………………………36
Literature cited……………………………………………………………...37
Tables……………………………………………………………………….42
CHAPTER 3. DELINEATION OF TAXA CLOSELY GROUPING WITH 
MYCOSPHAERELLA MADEIRAE IN THE SOOTY BLOTCH AND FLYSPECK 
FUNGAL COMPLEX OF APPLES……………………………………………….47
Abstract……………………………………………………………………..47
Introduction…………………………………………………………………48
Materials and Methods……………………………………………………...50
Results………………………………………………………………………52
Discussion…………………………………………………………………..58
Acknowledgements…………………………………………………………60
Literature cited……………………………………………………………...61
Tables……………………………………………………………………….67
Figures………………………………………………………………………69
CHAPTER 4. GENERAL CONCLUSIONS………………………………………77
ACKNOWLEDGEMENTS………………………………………………………...79
APPENDIX…………………………………………………………………………81
iii
iii2
ABSTRACT
Disease-warning systems are management tools that use information about the 
pathogen, host and/or environment to advise growers when to efficiently take 
management actions, such as fungicide sprays. This study examined usage of 
alternative weather information as inputs to disease-warning systems for control of 
sooty blotch and flyspeck (SBFS) of apple and watermelon anthracnose, as well as the 
morphology of isolates of the SBFS fungi that grouped with the Mycosphaerellaceae.
The first objective was to evaluate the effectiveness of alternative sources of 
weather data as inputs to disease-warning systems for sooty blotch and flyspeck 
(SBFS) on apple and watermelon anthracnose caused by Colletotrichum orbiculare
(Berk & Mont.) Arx (1957) on watermelon in replicated field trials conducted in Iowa 
during 2006 to 2008. Leaf wetness duration (LWD) data estimated by commercial 
site-specific technology, or by model-based corrections of these estimates, were 
compared with measurements made by on-site sensors. In both warning systems, using 
remotely estimated and model-corrected LWD data resulted in disease levels that were 
similar or equal to those observed when using on-site measurements. Our study 
provides evidence that remotely estimated LWD data and model-corrected versions of 
these data may be used successfully in implementation of warning systems for SBFS 
on apple and anthracnose on watermelon. 
The second objective was to examine the morphology and rDNA sequences of 
124 isolates of SBFS fungi from Germany and the U.S. Parsimony analysis of the 
internal transcribed spacer (ITS) region of the rDNA grouped isolates into 14 clades. 
Molecular evidence coupled with morphology of representative isolates from each 
iv
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clade on preserved apple peels and on media indicated that there were 10 SBFS 
species among the isolates. Five putative species were placed in the anamorph genus 
Pseudocercosporella, and two putative species were placed in the anamorph genus 
Ramichloridium. Three putative species designated as sterile mycelia did not produce 
conidia. Parsimony analysis of the large subunit (LSU) region of rDNA placed all 10
putative species near Mycosphaerella madeirae with bootstrap support of 66%. The 
genus Mycosphaerella consists of several thousand species; our findings help to 
clarify taxonomic placement of these anamorph species of SBFS within the family
Mycosphaerellaceae. 
v
1CHAPTER 1: GENERAL INTRODUCTION
Thesis organization
This thesis is organized as an abstract and four chapters. The first chapter explains the 
rationale and objectives for the research and provides background information on the 
sooty blotch and flyspeck (SBFS) fungal complex, disease-warning systems, remotely 
estimated weather information, model corrections and their usage in sooty blotch and 
flyspeck control. The second chapter describes experiments on evaluating alternative 
types of remotely estimated sources of weather data as inputs to disease-warning 
systems for SBFS on apples and anthracnose (caused by Colletotrichum orbiculare) 
on watermelons. The third chapter characterizes the morphology and rDNA sequence 
analysis of putative species of SBFS fungi. The fourth chapter gives the general 
conclusions and summaries of the research findings.
LITERATURE REVIEW
Introduction
Sooty blotch and flyspeck (SBFS) is a fungal disease complex that occurs 
worldwide in humid climates on apple, pear and other fruits (Batzer et al., 2008). The 
disease is favored by extended periods of moist weather (Rosenberg et al., 1996). The 
fungi that cause SBFS are saprophytes that colonize the epicuticular wax of fruit
(Belding et al.; 2000, Barrett et al., 2003). The signs of SBFS blemish the appearance 
of fruits, causing them to be unacceptable for fresh market sale (Belding et al., 2000; 
Batzer et al., 2002a, 2008). Although SBFS-infested fruit can be eaten safely, their 
fresh market value can decrease by 90% (Williamson & Sutton, 2000; Batzer et al., 
22002a). Shriveling of SBFS-infested fruit during cold storage has also been described 
(Hickey, 1960).  The incidence and severity of this disease varies with geographic 
location and orchard production practices. Although infestations are more obvious on 
light-skinned than red-skinned cultivars, all apple cultivars appear to be susceptible 
(Williamson & Sutton, 2000, Batzer et al., 2002b).
SBFS management
The SBFS complex is traditionally controlled by combining cultural practices 
with fungicide sprays. Proper pruning improves SBFS management by decreasing leaf 
wetness duration (Jones, 1996; Cooley et al., 1997; Williamson and Sutton, 2000; 
Hickey, 2003). Cooley et al. (1997) showed that summer pruning of apple trees 
decreased flyspeck incidence almost 50% in an unsprayed orchard. Additional cultural 
recommendations include removing nearby reservoir hosts i.e., woody plants on 
whose waxy epicuticle SBFS can multiply, contributing inoculum for epidemics in 
nearby apple orchards. Reservoir hosts for SBFS include brambles, oaks, maples, ash, 
elm, grape, tulip tree, and others (Hickey, 1960; Baker et al., 1977; Jones, 1996; 
Williamson & Sutton, 2000). Anecdotal evidence suggests that there is a strong 
correlation between thickets of Rubus spp. near orchard borders and SBFS infestations 
on apple fruit (Hickey, 1960; Johnston & Sutton, 2000; Williamson & Sutton, 2000; 
Feldmann, 2006). Therefore, removal of reservoir hosts from the close proximity to 
the orchard may be beneficial to disease management (Williamson & Sutton, 2000). 
Although cultural management can reduce SBFS risk, the primary means of 
control in the eastern half of the U.S. is regularly scheduled fungicide applications 
from first cover (7 to 10 days after petal fall) until shortly before harvest. This practice 
3can result in to three to eight fungicide applications per season (Sutton, 1990; 
Babadoost et al., 2004a, 2004b). This intensive spray program has been questioned in 
recent years because it can lead to environmental pollution and endanger human 
health. Other factors undermining the fungicide-intensive approach include economic 
pressure on growers to reduce disease control costs and toxicity of many broad-
spectrum fungicides to non-target organisms (Gleason et al., 1994; Babadoost et al., 
2004). In many cases, SBFS is successfully suppressed with fungicides used for 
control of secondary cycles of apple scab (Venturia inaequalis). However, planting 
scab-resistant apple cultivars may inadvertently contribute to SBFS outbreaks in 
situations where those summer sprays for scab have been discontinued (Feldmann, 
2005). However, even with intensive summer spray programs, sporadic SBFS 
epidemics occur (Williamson & Sutton, 2000; Batzer et al., 2005).
SBFS distribution and ecology
In the United States, SBFS is most severe in the southeast, where it can affect 
100% of apples (Sutton & Sutton, 1994; Belding et al., 2000). It also occurs regularly 
in most of the eastern and midwestern U.S. (Jones, 1996; Williamson & Sutton, 2000) 
and in southern Canada (Colby, 1920). Elsewhere, SBFS occurs in Brazil, China, 
Germany, Great Britain, Serbia, Slovenia, Poland, Zaire, South Africa, and Turkey 
(Colby, 1920; Sutton & Sutton, 1994; Belding et al., 2000; Batzer & Gleason, personal 
communication; Sun et al., 2004; Wrona, 2004; Feldmann, 2006; Karakaya, personal 
communication, 2008). 
Belding (2000) presented evidence suggesting that nutrients for SBFS fungi 
come from fruit exudates; in their experiments, sooty blotch fungi did not grow on 
4epicuticular wax alone, but did so once apple juice was added to the wax. Since SBFS 
fungi are epiphytes, they are highly sensitive to microclimatic conditions, particularly 
temperature and relative humidity (Colby, 1920; Hickey, 1960). Johnston and Sutton 
(2000) showed that two species in the SBFS complex responded differently to RH and 
temperature conditions in vitro; no growth was recorded at RH<88%, and mycelial 
development was inhibited at RH<95%. The most rapid mycelial growth occurred at 
200C, whereas no growth occurred at 0oC, 30oC and 35oC (Baines & Gardner, 1932; 
Hernández, 2005). 
Fungi in SBFS complex overwinter on the waxy epicuticle of apple shoots of
reservoir hosts surrounding orchards, as mycelium and fruiting bodies. However, 
details of the life cycles of most SBFS species remain unknown (Williamson & 
Sutton, 2000). Spores formed inside the fruiting bodies (pycnidia) are dispersed by 
rain and wind, usually in mid-spring to early summer depending on latitude (Baines & 
Gardner, 1932; Williamson & Sutton, 2000). Colonies on fruit appear as early as 2 
weeks after petal fall in the southeast U.S., but first appearance of signs in the northern 
U.S. usually does not occur before August (Williamson & Sutton 2000). Secondary 
infections occur from conidia that are produced on apple fruit or nearby reservoir hosts 
(Hickey, 1960; Williamson & Sutton, 2000).
SBFS taxonomy
Sooty blotch and flyspeck fungi are believed to have been present in North 
America at least since the introduction of cultured apples by European settlers in the 
1600s (Beach, 1905; Williamson & Sutton, 2000). Sooty blotch and flyspeck fungi did 
5not receive much attention until the early 1900s, when fresh fruit quality became an 
important commercial goal (Colby, 1920; Williamson & Sutton, 2000).
Fungi in the SBFS complex are challenging to isolate, purify and maintain. 
Extremely slow growth on media, failure to sporulate, and plasticity of morphology on 
media are reasons why clarification of SBFS taxonomy has been slow (Hickey, 1960; 
Batzer et al., 2005). Taxonomic classification of SBFS species relying solely on 
traditional methods of morphological description has been prone to error (Johnson et
al., 1996; Williamson et al., 2004). Development and availability of molecular tools 
has improved delineation of fungal species when combined with morphological, 
ecological, physiological and other evidence (Harrington & Rizzo, 1999, Batzer et al., 
2005; Duttweiler et al.; 2008). Batzer et al. (2005) used analysis of internal transcribed 
spacer (ITS) sequences to delineate SBFS clades that might be species and LSU 
sequences to phylogenetically place putative species to order and genus. 
Recent research has revealed that there are at least 60 species of SBFS fungi in 
North America (Batzer et al., 2005; Diaz, 2007). It is likely that many more species 
remain to be described worldwide and in North America. The term “sooty blotch” 
denotes signs that resemble smudges, dark blemishes, smears or spots that are 
brownish in color initially, and then turn darker as the colony ages. Colony margins 
are usually indistinct. The size of colony, number and arrangement of fruiting bodies, 
and type of mycelial growth differ greatly among SBFS fungi (Hickey, 1960; 
Williamson & Sutton, 2000; Johnston & Sutton, 1996; Johnston & Sutton 2000). 
Colby (1920) described three mycelial types of sooty blotch: 1) a fern-like colony with 
branching hyphae that grow out of single mycelial cell; 2) a morphology that 
6resembles a honeycomb in cross section; and 3) a reticulate type with large numbers of 
mycelial branches growing from a common center. Groves (1933) re-described SBFS 
colony morphology in four general categories: ramose, punctate, fuliginous and 
rimate. The rimate mycelial type was re-named by Batzer et al. (2005) as ridged 
honeycomb. Colonies generally given the term flyspeck consist of groupings of 
several to a few hundred shiny black dots with no visible mycelium between the dots
(Williamson & Sutton, 2000).
Schweinitz (1832) indicated that SBFS was caused by a single species -
Dothidea pomigena (Schwein.). However, Colby (1920) found evidence that sooty 
blotch was caused by two species: sooty blotch by Gloeodes pomigena (Schw) Colby,
and flyspeck by Leptodontirium pomi (Mont & Fr.) Sacc. The name Gloeodes 
pomigena remained in use until the 1990s, when research in the North Carolina 
described three species as causal agents of sooty blotch (Johnston et al., 1997). 
Flyspeck fungi, like sooty blotch fungi, have proved difficult to place 
taxonomically. In 1940, Leptodontium pomi was re-classified as Mycothyriella rubi 
(Baines, 1932), then later as Schizothyrium pomi (Baker et al., 1977).  The anamorph 
of Schizothyrium pomi was anecdotally linked to Zygophiala jamaicensis  (Durbin et 
al., 1953a; Durbin et al, 1953b; Baker et al., 1977); however, Batzer et al. (2008) 
suggested that these two species were not linked, based on reported differences in 
conidia size.  They presented evidence that there are at least four Zygophiala 
anamorph species associated with flyspeck signs on apple. Furthermore, at least 10 
additionally species belonging to different genera have been linked to flyspeck-like 
signs (Batzer, personal communication, 2008).
7In 2005, approximately 30 new SBFS species were identified from a collection 
of Midwest U.S. isolates when morphological studies were combined with analysis of 
the internal transcriber spacer (ITS) region and 28S large subunit (LSU) of ribosomal 
DNA (Batzer et al., 2005). Most of these species were placed in the order Dothideales, 
phylum Ascomycota (Batzer et al., 2005). Later re-assessment led to reclassification 
of these fungi to Capnodiales (Schoch et al., 2006). Recently, a species in the 
Basidiomycota was isolated from a SBFS-infested apple peel (Sun et al., 2006); 
however, Koch’s postulates were not performed with this species.
The Genus Pseudocercosporella 
Based on surveys of eastern U.S. apple orchards in 2000 and 2005, the genus 
Pseudocercosporella was the most common and widespread in the SBFS complex, 
comprising 14% of the total number of isolates and occurring in 30 of the 39 orchards 
surveyed (Batzer et al., 2005; Diaz, 2007). Batzer et al. (2005) proposed three putative 
Pseudocercosporella species associated with the ridged honeycomb mycelial type; 
these species differed in colony morphology on potato dextrose agar (PDA) and malt 
extract agar (MEA). Differences in sensitivity to the fungicides ziram and thiophanate-
methyl were observed between Pseudocercosporella putative species RH 1 and RH 
2.2 (Tarnowski et al., 2003). Despite the relative abundance of Pseudocercosporella
species in the SBFS complex in North America, little is known about morphological 
differences among putative species in the genus.  However, clearer morphological 
description is essential to combine with genetic differences among putative species 
(Batzer et al., 2005) in assigning Latin binomials to these groups. In turn, clarifying 
these taxonomic distinctions should pave the way for studies that clarify 
8environmental biology of each species and ultimately enhance the effectiveness and 
efficiency of SBFS management.
Disease-warning systems
Disease-warning systems (also known as disease forecaster) help growers to 
decide when or if to apply disease management tools such as fungicides (Gleason et 
al., 1997; Gleason et al., 2008). When using disease-warning systems, growers 
monitor weather, host, and/or pathogen parameters that affect disease risks in order to 
spray only when justified by risk of a disease outbreak (Kim et al., 2006). 
Many disease-warning systems have been validated thoroughly in field 
experiments; nevertheless, most have remained unused, in part because growers have 
not found them practical to implement (Magarey, 1999). Some of the most important 
obstacles to grower adoption include inconvenience, unfamiliarity, additional labor, 
and inability to accomplish a system’s recommended management actions in a timely 
manner (Campbell & Madden, 1990; Gleason et al., 1994; Gleason et al., 1997). 
From the viewpoint of many growers it is better to apply pesticides on a calendar-
based schedule than on the basis of warning system recommendations, since this 
conservative approach is seen as cheap and safe compared to the risk of large 
economic losses due to system errors and possible disease epidemics (Campbell & 
Madden, 1990). 
Nevertheless, disease-warning systems are gradually becoming more widely 
used by growers. Among the influences encouraging their use are public pressure for 
more environmentally benign agricultural practices, increasing costs of disease 
9management, increasing resistance to many pesticides, and intensifying market 
pressure on production costs.
Most disease-warning systems rely on weather inputs since weather exerts a 
strong influence in the development of many diseases (Campbell & Madden, 1990; 
Kim et al., 2006). Common inputs to disease-warning systems include leaf wetness 
duration (LWD), temperature, rainfall and relative humidity (RH) (Gleason et al., 
2009). 
Problems with using on-site weather measurements as inputs to disease-
warning systems begin with the installation of sensors and dataloggers in the field. 
Growers or crop management advisers will sometimes install sensors improperly, 
leading to erroneous measurements and thereby flawed operation of disease-warning 
systems that rely on these data as inputs (Gleason et al., 2009).  Errors in weather data 
acquisition can lead to growers losing faith in disease-warning systems; faced with an 
apparently risky new system of disease management, it may be more appealing to fall 
back on familiar and seemingly low-risk calendar-based methods (Gleason et al., 
2008). Conversely, if the warning systems are reliable, growers may develop 
confidence in using them. Therefore, reliability of weather data inputs is key to 
acceptance of disease-warning systems.
Weather station networks and site specific weather estimation
In view of the problems growers face when trying to gather weather data from 
monitoring instruments on their own farms, purchasing weather data from commercial 
providers has potentially advantages for obtaining data needed for implementation of 
disease-warning systems (Huber & Gillespie, 1992; Gleason, 2001; Kim et al., 2006). 
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Throughout the U.S., numerous networks of automated, publically or privately owned 
weather stations have provided inexpensive, reliable information to growers since the 
1980s. For instance, these stations have been used to support specific disease-warning 
systems such as TOMCAST (Gleason et al., 1997; Kim et al., 2002). However, most 
growers are not located near automated weather stations. 
Site-specific weather estimation technology compensates for proximity.
Currently in the U.S., several companies market site-specific estimates to growers for 
a modest fee. In exchange, clients receive hourly estimates of LWD, temperature, 
wind speed, and RH estimated for the location of their farm (Kim et al., 2006). Site-
specific weather data estimation has the potential to make disease-warning systems 
much simpler and easier to use, since receiving estimates via email or fax frees 
growers from the need to locally monitor weather. Another positive feature of these 
estimates is that they provide forecast data up to 72 hours into the future, as well as 
summaries of past (hindcast) data. In the past, nearly all disease-warning systems have 
relied on hindcast data. There is great need for improving disease-warning systems so 
that they can operate accurately with forecast data as inputs (Truxall & Travis, 1994). 
Using forecasted data could greatly increase the efficiency of disease-warning 
systems, and provide growers with critical time to apply the recommended fungicides. 
In addition, many widely used fungicides lack post-infection activity, so application 
before infection occurs – for example, triggered by forecast data - may enhance 
disease suppression.  
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Leaf Wetness Duration (LWD)
The amount of time that free water is present on leaves is termed leaf wetness 
duration (LWD) (Kim, 2000). Leaf wetness may originate from rain, dew, fog or 
irrigation (Kim et al., 2002; Gleason et al., 2008). The relative importance of these 
components is influenced by geographical location as well as crop canopy 
microclimate. Leaf wetness plays an important role in disease development, because 
many bacterial and fungal pathogens are associated with the presence of free water on 
plant surfaces (Huber & Gillespie, 1992; Gleason et al., 1994; Gleason et al., 1997). 
Measuring Leaf Wetness Duration
Leaf wetness duration is a key input to warning systems for many 
economically important foliar diseases, mainly through its influence on sporulation 
and infection of many important foliar pathogens (Gleason et al., 2008). Some 
warning systems including MELCAST and TOMCAST, couple LWD with average air 
temperature during the wet period (Latin & Egel, 2001). Other systems, such the 
Hartman-Brown-Sutton system for prediction of SBFS, rely on LWD as the sole 
weather input (Brown & Sutton, 1995).
Leaf wetness duration sensors can be classified in three types. The first type, 
static leaf wetness instruments, indicating only wet or dry conditions (Gleason et al., 
1994; Sentelhas et al., 2004). These leaf wetness sensors do not have any mechanical 
or electrical parts. A poor correlation with dew duration in various crops was
documented (Getz, 1991).  The second type, mechanical sensors, record changes in 
size, length or weight of particular component of the sensor. For instance, the DeWit 
LWD gauge consists of a string that stretches or shrinks based presence of water
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(Rowlandson, 2006). These sensors were among the first developed; results were 
recorded on a rotating paper chart via an ink pen attached to a string.  Mechanical 
sensors were eventually replaced by the third group, electronic sensors that distinguish 
a decrease in electrical resistance (or impedance) when water is present on the sensor 
surface. The most recent development in LWD sensor technology was 
commercialization of sensors that use electrical capacitance (the measure of electrical
charge stored) instead of resistance (Gleason et al., 2008). 
There is no consensus on how to deploy LWD sensors for field monitoring 
(Rowlandson, 2006). A conservative principle of sensor location in a crop canopy is to 
place them in sites expected to have the longest wet period. Electronic LWD sensors 
should be painted white or light grey and positioned sloping north in the northern 
hemisphere, in order to minimize direct interception of solar radiation, whereas in the 
southern hemisphere LWD sensors should be facing south for the same reason 
(Magarey, 1999; Madeira et al., 2002; Gleason et al., 2008). Additionally, tilting the 
sensor face at a 30o to 45o degree angle to horizontal prevents pooling of water on the 
sensor, which can lead to overestimation of LWD (Magarey, 1999). 
Because there is no consensus on how and where to place LWD sensors, it is 
left to users to place them to the best of their ability, sometimes aided by 
recommendations from published guidelines and qualified advisors. In one large-scale 
crop canopy (apple), study, variations in location of LWD sensors affected the timing 
of threshold for disease-warning systems by up to 30 days, and created bias to the 
performance of the warning system (Batzer et al., 2008). In that study, 0.3- m 
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differences in lateral positioning of LDW sensors within an apple canopy led to 
variations in cumulative LWD measurements of up to 44%.
One way to overcome this obstacle is to utilize more sensors within the same 
field/canopy, which results in smaller error (Gleason et al., 2008); however, this 
option is handicapped by increased cost of monitoring and data handling.
Leaf Wetness Duration Models
Leaf wetness duration (LWD) models have been developed to circumvent the 
disadvantages imposed by making LWD measurements (Huber & Gillespie, 1992). 
Models for estimating LWD can be generally classified into two types, empirical and 
physical. Empirical models are derived by experience. These models are often based 
on results of numerous field trials in which weather variables that can influence leaf 
wetness (e.g. air temperature, wind speed, and relative humidity (RH)) are compared 
to simultaneous measurements of LWD using statistical best-fit procedures (Brown & 
Sutton, 1995; Gleason et al., 1999).
Physical models, in contrast, utilize equations describing radiant energy 
influence on condensation at the crop canopy level. Input variables typically include 
net radiation, cloud cover, wind, dew point, air temperature; however, these variables 
are not commonly measured at most meteorological stations. As a result, it is often 
difficult to acquire the necessary inputs to operate physical LWD models (Huber & 
Gillespie, 1992).  
The fuzzy logic LWD estimation model proposed by Kim et al. (2004) merges 
empirical approach with fundamental physical model, to develop a hybrid model 
incorporating features of both types. 
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Each type of model has its advantages, but differ in several ways. Empirical 
models tend to be easier to use because they require fewer input parameters. However, 
empirical models are not readily portable from regions where they were developed to 
different climatic regions, whereas physical models tend to work accurately across a 
wide range of climates and geographical locations. 
MELCAST
Among the best known disease-warning systems using LWD as an input is 
MELCAST (Melon Disease Forecaster), developed at Purdue University. MELCAST 
generates risk assessments for Alternaria leaf blight (Alternaria cucumerina), gummy 
stem blight (Didymella bryoniae), and anthracnose (Colletotrichum orbiculare) (Latin & 
Egel, 2001). The principle on which MELCAST works is accumulation of daily EFI
(Environmental Favorability Index) values, which are daily risk ratings based on LWD 
and mean temperature during the wet period. After a fungicide spray is applied at the 
vine-touch stage of crop development, the next spray is delayed until a threshold total 
of daily EFI values is attained. MELCAST utilizes two different spray thresholds, 20 
and 35 EFIs, for muskmelon and watermelon, respectively. Once the threshold has 
been achieved, the system is re-zeroed and the count of EFIs re-starts. 
Sooty blotch and flyspeck disease-warning systems
Two disease-warning systems are currently being used to time fungicide 
applications in order to control SBFS on apples. A New York disease-warning system 
developed to control flyspeck works on principle of residual activity of fungicides. 
The assumption is that last fungicide application to control primary phase of apple 
scab, normally applied with the first-cover, lasts 14 to 21 days or until accumulation of 
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3.5 inches of rainfall, whichever occurs first. After the residual activity of fungicides 
has ended, leaf wetness duration hours are accumulated and once they reach 100 hours 
(measured by sensors located in the orchard) the fungicide spray is applied 
(Rosenberger, 1997; Williamson & Sutton, 2000).
The second disease-warning system, the Brown-Sutton-Hartman system, was 
developed in North Carolina and later modified in Kentucky. Accumulation of leaf 
wetness hours begins immediately after the first-cover fungicide spray (7 to10 days 
after petal fall) is applied, sensors are placed beneath the tree canopy at 1.5-m height. 
After a threshold of 175 hours of LWD is attained, the second-cover fungicide spray is 
applied. This disease-warning system excludes periods of LWD <4 hours, since 4 
hours is believed to be the minimum time period for spores of SBFS to germinate 
(Ocamb-Basu & Sutton, 1988; Johnson & Sutton 2000). 
Currently, neither MELCAST nor the Brown-Sutton-Hartman disease-warning 
systems use remotely estimated weather information as inputs. Attempts were made to 
assess the spatial heterogeneity of LWD within the apple canopy and to simulate 
operation of a SBFS disease-warning system using LWD measured in different parts 
of the apple canopy (Batzer et al., 2008).  Gleason et al. (1997) simulated how usage 
of remotely estimated weather information would perform on the fungicide application 
advisory for TOMCAST and MELCAST disease-warning systems. Estimates of 
weather information can be purchased from several companies for use in any location 
in Western Hemisphere. The purpose of our study was to determine whether these 
remotely estimated data are as reliable as the on-site weather measurements in 
operating the MELCAST and the Brown-Sutton-Hartman warning systems. 
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Thesis objectives
This thesis had two objectives: 1) evaluate impact of alternative sources of 
remotely estimated weather information on performance of disease-warning systems 
on apple and watermelon; 2) delineate putative species in the genus 
Pseudocercosporella of the SBFS complex through phylogenetic and morphological 
evidence.
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CHAPTER 2: FIELD EVALUATION OF REMOTELY 
ESTIMATED WEATHER INPUTS TO DISEASE-WARNING 
SYSTEMS FOR CONTROL OF SOOTY BLOTCH AND 
FLYSPECK OF APPLE AND ANTHRACNOSE OF 
WATERMELON
ABSTRACT
The effectiveness of alternative sources of weather data as inputs to disease-warning 
systems for sooty blotch and flyspeck (SBFS) on apple, and watermelon anthracnose 
caused by Colletotrichum orbiculare (Berk & Mont.) Arx (1957) on watermelon, was 
evaluated in replicated field trials conducted in Iowa during 2006 to 2008. Leaf 
wetness duration (LWD) data estimated by commercial site-specific technology, or by 
model-based corrections of these estimates, were compared with measurements made 
by on-site sensors. In both years, SBFS severity using remote estimates or the model-
corrected estimates was equivalent or less than when using on-site LWD 
measurements as inputs. In 2007, SBFS incidence for remote and model-corrected 
estimates was less than or equal to that when using on-site measurements. In 2008, 
SBFS incidence for two of three treatments using remote estimates was lower than 
incidence in the treatment using on-site weather data, whereas the model-corrected 
remote estimates had disease incidence equal to that for on-site weather 
measurements. In two of three years (2007 and 2008) of watermelon trials, the 
MELCAST treatment that input remote estimates of hindcast weather data, had 
disease severity equal to that for on-site measurements, whereas in 2006 disease 
severity was lower for these estimates than for on-site measurements. Similarly, 
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model-corrected hindcast data provided better disease protection than on-site 
measurements in two of three years (2006 and 2008), whereas in 2007 disease 
predictions were equal to those of on-site measurements. Our study provides evidence 
that remotely estimated LWD data and model-corrected versions of these data may be 
used successfully in implementation of warning systems for SBFS on apple and 
anthracnose on watermelon. 
Key words: Fungal complex, Brown-Sutton-Hartman, sustainable agriculture, SkyBit
INTRODUCTION
Disease-warning systems are management tools that use information about the 
pathogen, host and/or environment to advise growers when to efficiently take 
management actions, such as fungicide sprays (Gleason et al., 1997; Gleason et al., 
2009). Warning systems can help growers cut fungicide application costs by reducing 
the number of fungicide sprays, decreasing the risk of resistance development, and 
minimizing health risks posed by pesticides (Campbell & Madden, 1990; Kim et al., 
2006). Although many disease-warning systems have been developed and validated in 
field experiments, most remain unused by growers (Magarey, 1999). Important 
obstacles to warning system implementation include inconvenience and unfamiliarity 
to growers, added labor, and inability to apply threshold-triggered management 
actions in a timely manner (Campbell & Madden, 1990; Gleason et al., 1994; Gleason 
et al., 1997).
Most disease-warning systems rely on weather inputs (leaf wetness duration, 
temperature, rainfall and relative humidity) since weather exerts a strong influence in 
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the development of many diseases (Campbell & Madden; 1990; Kim et al., 2006;
Gleason et al., 2009). However, on-site weather measurements are laborious and time-
consuming to obtain (Babadoost et al., 2004, Gleason et al., 2009). In addition, they
are frequently prone to technical errors such as erroneous installation or placement in 
the field. These problems may cause corruption of weather data and consequently 
unreliable performance of warning systems (Gleason et al., 2009). 
 An alternative to relying on on-site weather measurements is to purchase 
weather estimates from commercial providers (e.g. SkyBit, Inc., Bellefonte, PA). 
These services interpolate data from networks of automated weather stations to a 
grower’s location using Geographical Information Systems and Global Positioning 
System technologies and then input these estimates to warning system algorithms. 
Localized weather information and warning system advisories are then sent to 
customers on a daily basis (Gleason et al., 1997, Kim et al., 2002, Gleason et al., 
2009). 
An advantage of remotely estimated weather information is that it provides
forecasts up to 72 hours into the future as well as summaries of past (hindcast) data, 
allowing growers sufficient time to respond to a disease-warning system advisory. 
Although most disease-warning systems in the past have relied exclusively on hindcast 
data, there is a great need for improving the usefulness of disease-warning systems by 
incorporating forecast data (Truxall & Travis, 1994).
The objective of the presented study was to evaluate the impact of using 
remote estimates and model-corrected versions of remotely estimated weather 
information on performance of disease-warning systems on apple and watermelon.
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MATERIALS & METHODS
Disease-warning systems. The Brown-Sutton-Hartman warning system for 
control of SBFS was used to determine the timing of the second-cover fungicide spray 
(Brown & Sutton 1995; Hartman 1995; 1996). According to this system, the second-
cover spray is applied after accumulation of 175 hours of leaf wetness duration (LWD) 
since application of the first-cover fungicide spray. Wetness hours were accumulated 
based on the following rules: 1) periods when leaves were wet were counted only if ≥4
consecutive hours; 2) a wetness period was ended if more than two consecutive dry 
hours were recorded (Ocamb-Basu & Sutton, 1988; Johnson & Sutton 2000). After the 
second-cover fungicide spray was applied, subsequent fungicide sprays were applied 
every 2 weeks until harvest. 
The MELCAST disease-warning system for control of watermelon 
anthracnose was used to determine fungicide spray timing from vine closure until 
harvest. MELCAST accumulates environmental favorability index (EFI) values, 
which are daily risk ratings based on LWD and mean temperature during the wetness 
periods (Latin & Egel, 2001). 
Study Sites. Apple trials were conducted at the Iowa State University 
Horticulture Research Farm, Gilbert,  IA in 2007 and 2008, and watermelon trials in 
2006, 2007, and 2008 for watermelon trials. 
The apple trial was conducted in a mature semi-dwarf orchard on four 
cultivars, Jonathan, McIntosh, Golden Delicious and Red Delicious, all of which are 
susceptible to SBFS (Williamson & Sutton, 2000; Batzer et al., 2002). Insecticide 
sprays were applied on a protectant schedule (Gleason, 2008). From green tip to first 
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cover, fungicide sprays were applied on a protectant schedule to all treatments (Table 
1). All fungicide sprays were applied to runoff at 200 psi using a tractor-driven 
hydraulic sprayer.  
Watermelon plots were prepared for planting by incorporating pre-emergence 
herbicide (Prefar 4E (6 qt/A) + Alanap 2L (7 pt/A)) and laying black plastic mulch in 
rows followed by overhead irrigation placement. Cultivars Crimson Tide and Sangria
were used for treatment and guard rows, respectively. Seedlings were transplanted on
May 20, 2006, June 1, 2007, and June 17, 2008. Preventative insecticide sprays 
(Asana XL, 6 fl oz/A) were applied on a bi-weekly basis throughout the growing 
season. All treatments were applied at 40 psi using a gas-powered backpack sprayer.
Treatments for apple and watermelon. Of a total of nine treatments, six 
relied on remotely estimated weather information (Table 2). Three (Treatments 1, 3,
and 5) used remote estimates without model correction (as received from SkyBit Inc.), 
while Treatments 2, 4, and 6 used remotely estimated weather information after model
correction (Kim et al. 2004). The last three treatments (7, 8, and 9) were controls.
Experimental design. Both trials were organized as randomized complete 
block designs (RCBD) with four blocks and nine treatments per block. In apple trials, 
subplots were five-tree row segments of the same cultivar. For watermelon trials, a 
subplot consisted of a 25-ft-long row segment that included ten plants.
Inoculum preparation and application. The watermelon trials were 
inoculated with the target pathogen, whereas the apple trials relied on natural SBFS 
inoculum. For the watermelon trials, a conidial suspension of Colletotrichum 
orbiculare (Berk & Mont.) Arx (1957) was prepared by flooding 2-week-old potato 
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dextrose agar cultures of the fungus with sterile deionized water and rubbing the agar 
surface with a sterile rubber policeman. The suspension was filtered through 
autoclaved cheesecloth and spore concentration was adjusted to approximately 1 x 106 
conidia/ml using a haemocytometer. Inoculum was applied by hand-pump backpack 
sprayer to watermelon plants in guard rows between 8 and 9 pm on 10/07/2006, 
04/07/2007 and 30/07/2007. Within 4 hours before inoculation, plants were irrigated 
to assure damp conditions. 
Sensor placement and positioning. Two duplicate leaf wetness sensors 
(Watchdog Model 450, Spectrum Technologies Inc., Plainfield, IL, USA) were placed 
in the apple orchard at 1.5-m height, beneath an apple tree near the center of the plot. 
A datalogger (Model CR10, Campbell Scientific, Logan, UT) was placed in the center 
of the watermelon field to measure hourly data from two painted leaf wetness sensors 
(Model 237, Campbell Scientific) and two temperature probes (Model 107, Campbell 
Scientific). Leaf wetness sensors and temperature probes were placed at 0.5-m height, 
facing north at a 45o angle to horizontal. 
Sampling/Data acquisition. Immediately prior to apple harvest, 50 apples per 
tree (25 from the upper half of the canopy and 25 from the lower half) were rated for 
incidence of SBFS signs from each of the center three trees of each subplot. In 
addition, the SBFS severity on each apple was rated using a standard area diagram 
(Batzer et al., 2002). 
Watermelon anthracnose severity ratings on foliage were initially done weekly, 
but increased to twice per week near harvest. In each subplot, four arbitrarily located 1 
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m2 quadrants were assessed on each date for percent diseased foliage. The same person 
did all foliar disease ratings in each year.
Data analysis. Data for apple trials were analyzed using contrasts in PROC 
MIXED, whereas watermelon trial data were analyzed by PROC GLM (SAS Institute 
Inc., Version 9.1, Cary, NC). 
RESULTS
Apples – 2007. Incidence of SBFS in treatments relying on remotely estimated 
weather data was not different from Treatment 7 (calendar-based spray regime).  
Incidence in Treatment 9 (on-site weather measurements) was greater that in 
Treatments 1, 2, 3, 6, and 7, and not different from that in Treatments 4 and 5, or the 
unsprayed control (Table 3).
The lowest SBFS severity, 0.2%, was recorded in Treatment 3 (24-h forecast) 
whereas the highest disease severity, 3.2% in Treatment 9 (on-site measurements),
was statistically not different from the unsprayed control. The use of model-corrected 
estimates saved 4 fungicide sprays compared to using on-site measurements (Table 3).
The percent of marketable fruit for treatments using remotely estimated 
weather data inputs did not differ significantly from the calendar-based spray 
treatment, and ranged from 88.2% to 97.7% (Table 3). The unsprayed control and the 
treatment using on-site weather measurements (9) had significantly lower percentages 
of marketable fruit than the other treatments.
Apples – 2008. Sooty blotch and flyspeck incidence in Treatment 1 (Hindcast) 
was equivalent to that in Treatment 7 (calendar-based spray regime) (Table 4). 
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Treatments that relied on model-corrected remote estimates and Treatment 5 (non-
corrected 72-h forecast) provided SBFS protection that was equivalent to that in the 
treatment that utilized on-site measurements. Treatment 1 (Hindcast) was equivalent in 
SBFS incidence to the calendar-based fungicide spray regime, but required one less 
fungicide application. The use of model-corrected estimates saved one fungicide spray
compared to using on-site measurements (Table 4). 
Sooty blotch and flyspeck severity was equivalent in all sprayed treatments, 
but significantly higher in the unsprayed control treatment (Table 4).
The percent of marketable fruit did not differ significantly in treatments relying 
on remote estimates or model-corrected versions of remote estimates when compared 
to on-site weather measurements or calendar-based fungicide spray regime (Table 4). 
We found no evidence of a block effect in either year; however, the interaction 
between block and treatment was significant in both years (Table 5). 
Watermelon – 2006. The highest foliar severity of anthracnose was recorded 
in Treatments 4 and 6, which relied on model-corrected versions of remotely estimated 
weather data; average severity was 31.7% and 27.0%, respectively (Table 6). 
Treatment 2 (model-corrected hindcast) had the lowest percentage of anthracnose 
severity (16.4%). 
Watermelon – 2007. Disease severity was highest in treatments relying on 
model-corrected weather information (treatment 6) (Table 7). The lowest disease 
severity was recorded in Treatment 9, (weather information measured on-site) and did 
not differ from disease severity in Treatment 2, (the model-corrected remote 
estimates), or Treatment 1 (Hindcast). Savings in fungicide applications when using 
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remote estimates or model-corrected remote estimates with the disease-warning 
system was 1 spray per season (Table 7). 
Watermelon – 2008. Treatments relying on remotely estimated weather 
information had higher disease severity than the model-corrected versions (Table 8). 
The lowest disease severity, 24.6%, recorded in Treatments 2 and 6 (model-corrected 
hindcast and 72 hours forecast, respectively), was lower that for on-site weather 
measurements (29.6%).  When using remotely estimated (Hindcast) we saved 1 
fungicide application per season, while when using other remotely estimated or 
model-corrected remote estimates we saw no decrease in fungicide sprays (Table 8).
DISCUSSION
Our study was the first to validate application of model-corrected, remotely 
estimated weather information in disease-warning systems. Results presented here, 
although not conclusive, suggest that remotely estimated and model-corrected weather 
information can protect against SBFS and anthracnose as well as, and sometimes 
better than, on-site weather measurements. 
While on-site weather measurements are an alternative, these measurements 
are laborious and time-consuming (Babadoost et al., 2004). The inconvenience of 
gathering weather information, coupled with technical errors and expenses, are 
obstacles to wider disease-warning system usage. To avoid the impediments 
associated with on-site measurements, efforts have been made to create empirical and 
physical models that would estimate weather parameters needed for disease-warning 
system operations (Gleason et al., 1997). In this study, Gleason et al. (1997) simulated 
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the effectiveness of remotely estimated weather information on performance of 
disease-warning systems in several midwestern U.S. states and found that remote 
estimates resulted in timing of spray advisories that varied somewhat from those 
derived by inputting on-site measurements, and that remote estimates of relative 
humidity and LWD had higher errors than for air temperature.
Remote estimate technology makes disease-warning systems much easier and 
simpler to use since remote estimates, obtained via the Internet or as an email, free 
growers from the need to monitor weather.  This convenient and readily attainable 
weather information has another positive feature: it provides forecast data up to 72 
hours into the future, as well as summaries of past (hindcast) data. Using forecasted 
data may greatly increase the effectiveness of disease-warning system, since many 
widely used fungicides lack post-infection activity; therefore application before 
infection occurs can enhance disease containment. In addition, many large-scale 
growers need one or more days of advance warning in order to have time to apply a 
fungicide spray to their entire crop prior to a high-risk weather event.
The results also showed that remotely estimated weather data can be used 
successfully as inputs to the MELCAST disease-warning system. The level of foliar 
anthracnose severity in treatments relying on remote estimates and model-corrected 
estimates was usually equal to or less than that in treatments using on-site measured
weather information (Tables 6, 7 and 8). The treatments that relied on estimates of 
future weather events (such as 24 hours or 72 hours of forecasted data) were prone to 
more errors, and thus, had higher anthracnose severity. This may be attributed to the 
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fact that weather patterns are difficult to predict and the further in future predictions 
go, the greater the expected error.
While usage of remotely estimated and model-corrected weather information 
could free growers from the need for gathering on-site weather measurements, more 
field trials are necessary in order to validate our findings. Based on field trials in Iowa 
and Wisconsin, Duttweiler et al. (2008) reported that LWD was less accurate than 
relative humidity (RH) as a predictor of the timing of appearance of the first signs of 
SBFS. These data suggest that LWD might not be the optimal weather variable to 
predict the SFBS fungicide sprays timing in the Upper Midwest, where approximately 
two thirds of wet hours are associated with dew rather than with rainfall (Kim et al., 
2004). It would therefore be advisable to evaluate RH in further field trials before 
recommendations to growers are made to use remotely estimated and model-corrected 
estimates in their fields.
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Table 1. Protectant fungicide sprays applied in the SBFS trial during 2007 and 2008.
Apple phenological stage Fungicides used and amountb
Half-inch Green Topsin-M 70WSB (5 oz) + Captan 50WP (1 lb)
Tight Cluster Nova 40WP (1 oz) + Captan (1.5 lb)
Pink and Bloom Nova 40WP (1oz) + Captan (1.5 lb) + AgriStep (0.5 lb)
Petal Fall Nova 40WP (1 oz) + Captan (1.5 lb) + AgriStep (0.5 lb)
First Covera Topsin-M 70WSB (5 oz) + Captan 50WP (1.5 lb)
a- And all subsequent cover sprays
b- Fungicide amounts are expressed per 100 gallons of water
* on 07/02 Latron B-1956 (at rate of 5oz/100 gallons) was applied with fungicide 
application to treatments 1, 3, 5 and 7 due to possibility of rain.
Table 2.  Treatments used in applea and watermelonb field trials.
Trt # Weather Data Source
Time Frame of Data 
acquisition
Model 
Corrections
1 ZedX Inc. c          Hindcast     None
2 ZedX Inc.          Hindcast     Correctede
3 ZedX Inc.          24-h forecast     None
4 ZedX Inc.          24-h forecast     Correctede
5 ZedX Inc.          72-h forecast     None
6 ZedX Inc.          72-h forecast     Correctede
     7 --          Calendar-based     --
8 --          Unsprayedd     --
9 On-site measurements          Hindcast     --
a -Topsin-M 70WSB (5 oz) + Captan 50WP (1.5 lb)
b- Bravo Ultrex 82.5 WDG (1.6 lb)
c- Site-specific weather estimates
d- No fungicide sprays after first cover 
e- Kim et al., 2002, 2004
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Table 3. Incidence, foliar severity, percent of marketable fruits and number of 
fungicide sprays applied in SBFS trial on apples, 2007
Trt #
Weather 
Data Source
Time Frame of 
Data 
Acquisition
Model 
Correction
SBFS 
Incidence 
(%)a
SBFS 
Severity 
(%)
Marketable 
Apples b
(%) 
No. of 
Fungicide 
Sprays 
Applied c
1 ZedX Inc. Hindcast None  6.4 c 0.3 b 97.7 a 5
2 ZedX Inc. Hindcast Corrected
 d
 5.0 c 0.3 b 94.3 a 5
3 ZedX Inc. 24-h forecast None  5.7 c 0.2 b 92.3 a 5
4 ZedX Inc. 24-h forecast Corrected   8.3 bc 0.3 b 91.9 a 5
5 ZedX Inc. 72-h forecast None   9.3 bc 0.3 b 88.4 a 5
6 ZedX Inc. 72-h forecast Corrected  6.6 c 0.3 b 92.8 a 5
7 -- Calendar-based --  5.0 c 0.6 b 88.2 a 6
8 -- Unsprayede -- 22.5 a 2.6 a 46.3 b 0
9
On-site 
measurements Hindcast -- 17.3 ab 3.2 a 51.7 b 1
a -Means in each column followed by the same letter are not significantly different (p
≤ 0.05).
b- Apples with < 2% severity of SBFS were considered to be marketable according to 
USDA standard (United States Standards for Grades of Apples.1995).
c- From 1st cover to harvest
d -Kim et al. 2002, 2004
e- No fungicide sprays after first cover
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Table 4. Incidence, foliar severity, percent of marketable fruits and number of 
fungicide sprays applied in SBFS trial on apples, 2008
Trt #
Weather 
Data Source
Time Frame 
of Data 
Acquisition
Model 
Correction
SBFS 
Incidence 
(%)a
SBFS 
Severity 
(%)
Marketable 
Apples b
(%) 
No. of 
Fungicide 
Sprays 
Applied c
1 ZedX Inc. Hindcast None 6.7 e 0.1 b 97.2 a 4
2 ZedX Inc. Hindcast Correctedd 18.7 bc 0.5 b 90.3 a 3
3 ZedX Inc. 24-h forecast None 12.0 de 0.3 b 98.7 a 4
4 ZedX Inc. 24-h forecast Corrected 19.1 bc 0.8 b 91.0 a 3
5 ZedX Inc. 72-h forecast None 14.8 cd 0.5 b 95.5 a 4
6 ZedX Inc. 72-h forecast Corrected   21.5 b 0.7 b 92.3 a 3
7 --
Calendar-
based --    7.9 e 0.2 b 98.9 a 5
8 -- Unsprayede --  46.0 a 3.2 a 42.8 b 0
9
On-site 
measurements Hindcast --  18.5 bc 0.7 b 92.0 a 4
a -Means in each column followed by the same letter are not significantly different (p
≤ 0.05).
b- Apples with < 2% severity of SBFS were considered to be marketable according to 
USDA standard (United States Standards for Grades of Apples.1995).
c- From 1st cover to harvest
d -Kim et al. 2002, 2004
e- No fungicide sprays after first cover 
Table 5. ANOVA table, blocking effect, treatment effect and interaction between 
blocks and treatments for apple trials in 2007 & 2008.
2007 Source DF Type III SS Mean Square F value Pr>F
block 3 29.03 9.67 2.6 0.07
trt 8 79.93 9.99 2.74 0.03
block*trt 21 80.97 3.85 12.52 <.0001
residual 54 16.63 0.31 .
2008 block 3 4.3 1.43 1.84 0.16
trt 8 83.8 10.47 13.45 <.0001
block*trt 24 18.74 0.78 3.18 <.0001
residual 70 17.17 0.24 .
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Table 6. Severity of foliar symptoms of anthracnose on watermelon and number of 
fungicide sprays applied in field trial using Melcast warning system, 2006
Trt #
Weather Data 
Source
Time Frame of 
Data 
Acquisition
Model 
Correction
% 
Foliage 
Severitya
No, of 
sprays 
appliedb
1 ZedX Inc. Hindcast None 16.7 h 3
2 ZedX Inc. Hindcast Correctedc 16.4 i 3
3 ZedX Inc. 24-h forecast None 16.9 g 3
4 ZedX Inc. 24-h forecast Corrected 31.7 a 3
5 ZedX Inc. 72-h forecast None 22.7 c 3
6 ZedX Inc. 72-h forecast Corrected 27.0 b 3
7 -- Calendar-based -- 17.7 f 4
8 -- Unsprayedd -- 19.4 e 0
9
On-site 
measurements Hindcast -- 22.5 d 2
a -Means in each column followed by the same letter are not significantly different (p
≤ 0.05).
b- From 1st application at vine closure to harvest
c -Kim et al. 2004
d- Treatment did not receive any fungicide sprays
Table 7. Severity of foliar symptoms of anthracnose on watermelon and number of 
fungicide sprays applied in field trial using Melcast warning system, 2007
Trt #
Weather 
Data Source
Time Frame of 
Data 
Acquisition
Model 
Correction
% 
Foliage 
Severitya
No, of 
sprays 
appliedb
1 ZedX Inc. Hindcast None 25.4 g 2
2 ZedX Inc. Hindcast Correctedc 25.4 g 2
3 ZedX Inc. 24-h forecast None 60.1 f 2
4 ZedX Inc. 24-h forecast Corrected 61.6 e 1
5 ZedX Inc. 72-h forecast None 62.9 d 2
6 ZedX Inc. 72-h forecast Corrected 77.9 a 1
7 -- Calendar-based -- 67.9 c 3
8 -- Unsprayedd -- 77.4 b 0
9 On-site Hindcast -- 25.4 g 1
a -Means in each column followed by the same letter are not significantly different (p
≤ 0.05).
b- From 1st application at vine closure to harvest
c -Kim et al. 2004
d- Treatment did not receive any fungicide sprays
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Table 8. Severity of foliar symptoms of anthracnose on watermelon and number of 
fungicide sprays applied in field trial using Melcast warning system, 2008
Trt #
Weather 
Data Source
Time Frame of 
Data 
Acquisition
Model 
Correction
% 
Foliage 
Severitya
No, of 
sprays 
appliedb
1 ZedX Inc. Hindcast None 29.6 e 2
2 ZedX Inc. Hindcast Correctedc 24.6 f 1
3 ZedX Inc. 24-h forecast None 39.6 c 1
4 ZedX Inc. 24-h forecast Corrected 33.9 d 1
5 ZedX Inc. 72-h forecast None 47.1 b 1
6 ZedX Inc. 72-h forecast Corrected 24.6 f 1
7 -- Calendar-based -- 29.6 e 3
8 -- Unsprayedd -- 73.4 a 0
9 On-site Hindcast -- 29.6 e 1
a -Means in each column followed by the same letter are not significantly different (p
≤ 0.05).
b- From 1st application at vine closure to harvest
c -Kim et al. 2004
d- Treatment did not receive any fungicide sprays
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CHAPTER 3: DELINEATION OF TAXA CLOSELY GROUPING WITH 
MYCOSPHAERELLA MADEIRAE IN THE SOOTY BLOTCH AND 
FLYSPECK FUNGAL COMPLEX OF APPLES
Tatalović, N., Batzer, J. C., Harrington, T. C., Gleason, M. L., Crous, P. W., 
Oertel, B. and Díaz, M. M. A., Department of Plant Pathology, Iowa State 
University, Ames, Iowa 
Manuscript in preparation for submission to Persoonia
ABSTRACT
Sooty blotch and flyspeck (SBFS) is a fungal complex that blemishes apple, 
pear and other fruits. Aided by molecular genetic methods, recent investigations have 
identified greater than 60 putative species causing a range of signs of SBFS in North 
America alone. Colonies of SBFS fungi that exhibit the ridged honeycomb mycelial 
type have been reported throughout the U.S. and Europe; however, the species have 
not been described. We examined the morphology and rDNA sequences of 103 with 
the ridged honeycomb mycelial type isolates from Germany and the U.S. Parsimony 
analysis of the internal transcribed spacer (ITS) region grouped isolates into 14 clades. 
Molecular evidence coupled with morphology of representative isolates from each 
clade on preserved apple peels and on artificial media indicated that the group 
included 10 putative SBFS species. Seven species exhibited the ridged honeycomb 
mycelial type on apple, whereas two species were fuliginous, and one was ramose. 
Characters on artificial media used to delineate species included conidia size and 
shape, colony color, texture, diffusible pigment and growth rate. Five putative species 
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were placed in the anamorph genus Pseudocercosporella, two putative species were 
placed in the anamorph genus Ramichloridium, and three putative species designated 
as sterile mycelia did not produce conidia. Parsimony analysis of the large subunit 
(LSU) region of rDNA grouped all 10 putative species with Mycosphaerella madeirae 
with bootstrap support of 66%. The genus Mycosphaerella consists of several 
thousand species; our findings help to clarify taxonomic placement of these anamorph 
species of SBFS within the family Mycosphaerellaceae. 
Key Words: delineation of species, apple disease, taxonomy, epiphytic fungi
INTRODUCTION
Sooty blotch and flyspeck (SBFS) is a disease complex that occurs worldwide 
in humid climates on apple, pear and other fruits (Williamson & Sutton, 2000; Sun et 
al., 2003; Wrona, 2004; Feldmann, 2005; Díaz, 2007; Batzer et al., 2008). The fungi 
do not penetrate into the fruit, but live on the epicuticular wax (Johnson et al., 1997). 
However, the unsightly blemishes that result from SBFS infestations can reduce 
market value of apples as much as 90% (Williamson & Sutton, 2000; Batzer et al.,
2002a). 
Schweinitz (1832) first reported that sooty blotch and flyspeck was caused by a 
single species - Dothidea pomigena Schwein. Colby (1920) described two distinct 
diseases within the SBFS complex: flyspeck caused by Schizothyrium pomi Mont. & 
Fr. and sooty blotch caused by Gloeodes pomigena (Schwein.) Colby. The name 
Gloeodes pomigena Schwein. remained in use until the 1990s, when sooty blotch was 
attributed to three species – Leptodontidium elatius F. Mangenot de Hoog, 1979, 
49
Geastrumia polystigmatis Bat. & M.L. Farr, 1960 and Peltaster fructicola Johnston et 
al., 1997. When sequence analysis was combined with morphological characterization, 
the SBFS complex was expanded to more than 60 species (Bazter et al., 2005; Díaz, 
2007).
Based on colony morphology, Colby (1920) noted three SBFS mycelial types 
on apples. After Colby, Groves (1933) described four general mycelial types based on 
mycelial patterns and fruiting body structures: ramose, punctate, fuliginous and rimate. 
Groves’ (1933) rimate mycelial type was similar in description to Colby’s (1920) 
honeycomb mycelial type. Batzer et al. (2005) subsequently redefined the rimate-like 
mycelial type as ridged honeycomb and associated the ridged honeycomb type signs 
with three anamorph species of Pseudocercosporella. The ridged honeycomb mycelial 
type is difficult to remove from the fruit surface  using post-harvest chlorine dips and 
brushing (Batzer, 2002). Differences in sensitivity to fungicides among species that 
produce ridged honeycomb colonies has also been reported (Tarnowski et al., 2003). 
In surveys of 39 orchards in the eastern and midwesten U.S., SBFS colonies with this 
mycelial type were among the most prevalent (Batzer et al., 2005, Díaz et al., 2007). 
Delineating the complex of fungi associated with ridged honeycomb signs is therefore 
an important precursor to develop more cost-effective SBFS management strategies.
Classification of fungi in the SBFS complex remains poorly resolved due to 
difficulty in isolating the fungi in pure culture, plasticity of morphological characters 
on artificial media, and failure of some isolates to produce spores (Hickey, 1960). 
However, combining sequence analysis with characterization of colony morphology 
has proven to be a powerful method to delineate fungal species (Harrington & Rizzo, 
50
1999; Harrington et al., 2000) including those in the SBFS complex (Batzer et al.,
2005, 2008). Our objective was to delineate species associated with the ridged 
honeycomb mycelial type for SBFS isolates that, based on previous LSU sequence 
analysis (Batzer et al., 2005), grouped with Mycosphaerella madeirae. 
MATERIALS & METHODS
Fungal culture collection.  Isolates were collected from SBFS colonies on 40 
apples harvested from each of nine orchards in Iowa, Illinois, Missouri and Wisconsin 
in 2000 (Batzer et al., 2005), and from each of 30 orchards in 10 eastern states 
(Georgia, North Carolina, Virginia, Kentucky, Tennessee, New York, Massachusetts, 
Pennsylvania, Ohio, and Michigan) in 2005 (Díaz, 2007)  (Table 1). These surveys 
were followed by sequence analysis of isolates using rDNA region, including the 
internal transcribed spacer region (primer pair ITS1F/ITS4) and a portion of the 28S 
large subunit (LSU primer pair LR5/LROR) (Batzer et al., 2005; Díaz, 2007). 
The 103 isolates used in this study were selected on the basis of parsimony 
analysis of LSU sequences. This collection encompassed not only 83 isolates 
associated with ridged honeycomb mycelial types, but also 20 isolates in three 
additional ITS genotypes exhibiting fuliginous (13 isolates) and ramose (7 isolates) 
mycelial type that grouped closely with the ridged honeycomb and M. madeirae in the 
LSU analysis. Isolates stored at -80oC in glycerol (Batzer et al., 2005; Díaz, 2007).
Sequence alignment and parsimony analysis. After sequences were 
imported into BioEdit (Hall, 1999) and aligned, the approximate lengths of the studied 
ITS and LSU sequences were 485 and 820 base pairs, respectively. Redundant 
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sequences of the same ITS genotype were removed to simplify the analysis. 
Preliminary alignment was conducted with ClustalX (Thompson et al., 1997) and gaps 
were optimized manually. Maximum parsimony analysis was performed with PAUP 
v.4.0b10 (Swofford, 2002). Heuristic searches that followed maximum parsimony 
analysis were done with 1000 random sequence additions and tree bisection-
reconnection branch swapping algorithms. Zero-length branches were collapsed, while 
all the shortest length trees were saved. Gaps were treated as a fifth character. A 
bootstrap analysis of 1000 repetitions together assessed clade robustness (Batzer et al., 
2005; Batzer et al., 2008). We rooted trees to Capnodium coffea for LSU analysis and 
to Mycosphaerella madeirae for ITS analysis. 
Isolate examination. After isolates were made, sections of the peel with the 
mycelial colonies were dried and stored at room temperature. Signs of isolates on 
preserved apple peels were described, including mycelial growth patterns and the size 
and density of sclerotium-like bodies when present. Isolates were grown at room 
temperature on potato dextrose agar (PDA). After 4 weeks on PDA, texture, 
pigmentation and presence or absence of aerial mycelium were described and color of 
the top and bottom of each colony was classified (Ridgeway, 1912).  Squash mounts 
were prepared for each isolate using lactic acid; conidia, scolecospores and 
sclerotium-like bodies were examined at 400x and 1000x magnification. Where 
possible, 30 linear measurements were made for each structure. In addition, shape, 
surface, texture and other distinctive characters were noted. 
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RESULTS
The LSU alignment contained 20 taxa and 825 characters were used for 
analysis.  Of these characters, 98 were parsimony-informative, 94 were variable and
parsimony-uninformative, and 633 were constant.  Parsimony analysis grouped 
Pseudocercosporella and Ramichloridium species, as well as taxa from isolates with 
sterile mycelia, within the Mycosphaerellaceae (Schoch et al 2006) with bootstrap 
support of 66% (Fig 1).  
Among the clades delineated according to the ITS parsimony analysis, 54 
representative isolates 10 clades (Fig 2.), exhibited the ridged honeycomb mycelial 
type (Table 2) and those clades were considered putative species. This alignment 
contained 40 taxa, and 485 characters were used for analysis.  Of these characters, 43 
were parsimony-informative, 101 were parsimony-uninformative, and 347 were 
constant.  
The most common clade Pseudocercosporella sp. RH1 was delineated by strict 
consensus but with no bootstrap support, consisted of 15 isolates; it included isolates 
from all 14 states and 23 of the 39 U.S. orchards as well as isolates obtained from 
Germany (Batzer et al., 2006) (Fig 2).  The second most common clade, 
Pseudocercosporella sp. RH3, included 17 isolates and was strongly supported with a 
bootstrap value of 85%. Pseudocercosporella sp. RH2.1 was well-supported clade 
(87% bootstrap support) containing five isolates. Branches containing putative species 
Pseudocercosporella spp. RH2.2 and RH2.3 were poorly supported, but appeared 
sister to Pseudocercosporella sp. RH2.1.  A branch containing two isolates in clade 
RH6 was well-supported with 99% bootstrap value, and a single isolate in clade RH7 
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grouped with the species having Pseudocercosporella anamorphs. Fourteen isolates in 
clade RS6, obtained from two orchards in New York and one orchard in Ohio, 
grouped with 98% bootstrap support in the ITS tree.  A well-supported clade (100% 
bootstrap support) contained isolates obtained from Tennessee, North Carolina, 
Kentucky, and Pennsylvania and was designated as Ramichloridium sp. (clade  FG10). 
Representative isolates in this clade exhibited the fuliginous mycelial type on apple 
peel (Fig 2.).
Pseudocercosporella sp. RH1
Specimens examined. KY3_20D1a, MDW4a, 29ra, 63pGP, GTD1a, 4ra, AHD1a, 
MA2_35D1d, MI3_35D1c, MWD2a, NY3_31D1a, OH1_28D1c, TN_4.2D1a, 
AHD4a, MWD5a.
Mycelial type on apple peels. Ridged honeycomb (Fig 6A)
Cultural characteristics. Colony color on PDA at 4 weeks was grayish olive or deep 
dark olive with iron gray or olivaceous black underside. Felty colonies were highly 
mounded with radial or irregular corrugations (Fig 3B). Colonies pulled away from the 
bottom of the plate breaking media (Fig 3A). The margins were deep, sunken >1 mm 
into the media and were even to slightly lobed. Soft extruded masses of conidia were 
observed on the top of the most colonies (Fig 3E). 
Conidia. Two- to several-celled scolecospores were formed in extruded masses on 
colonies older than 8 days. Two-celled conidia size ranged from 12 (15) 16 μm ‘ 3-4 
μm, whereas length of multicelled conidia was highly variable. Conidia were borne on 
hyphae without apparent conidiophores (Fig 3C). Septae of two-celled conidia 
occasionally were “zigzag-like”. In ITS genotype RH1.5 an occasional inequality in 
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length of two-celled conidia was observed. Spores were constricted at septa in 
multicelled conidia. Cells of mature conidia became rounded before giving rise to 
secondary conidia (Fig 3D). Multicelled secondary conidia budded from sides of 
primary conidia (Fig 3F). Surfaces of conidia were smooth without any visible scars. 
Formation of conidia in clusters within mycelia was also observed.
Pseudocercosporella sp. RH2.1
Specimens examined. UMD1a, GTE5b
Mycelial type on apple peels. Ridged honeycomb (Fig 6A)
Cultural characteristics. Colony color on 4-week-old cultures on PDA was deep to 
dark olive gray with iron gray underside. Slightly mounded felty colonies had irregular 
margins. No diffusible pigments were observed in media.
Conidia. Tapered scolecospores were formed in extruded masses on the upper surface 
of 10-day-old colonies. Septa in two-celled conidia were faintly perceptible; septa 
were constricted. Two-celled conidia measured (13 (16) 18 ‘ 2 (2) 3 μm) and multi-
celled conidia were consistently 3 μm wide. 
Pseudocercosporella sp. RH2.2
Specimens examined. GTC4a, UMD8b
Mycelial type on apple peels. Ridged honeycomb (Fig 6A)
Cultural characteristics. Colony color of 4-week-old cultures on PDA was olive gray 
with cream-colored patches on the underside. Colonies were flat with shiny, hard pale 
gray regions and tufts of aerial mycelia (Fig 4A, C). Margins were even. Pale yellow 
pigmentation was diffused into the media (Fig 4B). 
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Conidia. A variety of conidia shapes and sizes were formed in soft extruded masses on 
the surface of colonies. Oblong conidia were one-celled (10 (12-16) 24-27 ‘ 2 (3) 3 
μm); two-celled (18-20 (20-21) 23-26 ‘ 3 μm) or multi-celled. Hour-glass-shaped, 
thick-walled conidia (9 (12) 14 μm) formed from fragmented multi-celled 
scolecospores and either germinated or produced secondary oblong conidia. Hour-
glass-shaped conidia germinated and produced secondary conidia (Fig 4D and E). 
Zigzag-like septa were occasionally observed in two-celled conidia. 
Pseudocercosporella sp. RH2.3
Specimens examined. PA1_6D1b, MA1_42D1b, KY1_1.1D1b, MA2_4.5D1a, 
NC1_15D1a, PA1_10F1a, MA2_1.2D1b
Mycelial type on apple peels. Ridged honeycomb (Fig 6A)
Cultural characteristics. Outer regions of 4-week-old colonies on PDA were velvety, 
deep to dark gray or dark olive with pale to dark aerial mycelia (Fig 5A, C and D). 
Colony centers were pale gray, tough, shiny and smooth and numerous droplets were 
present (Fig 5B). The underside of the colonies was dark olive to olivaceous black 
with cream-colored margins. Colonies were flat with even margins. Yellow to pale 
brown diffusible pigment was observed in the media of some isolates. 
Conidia. Multi-celled scolecospores formed in droplets on the upper surface. Oblong, 
two-celled, secondary conidia (11 (14) 18 ‘ 3 μm) with constricted septa  (Fig 5E) 
budded from primary conidia that had become thickened. 
Pseudocercosporella sp. RH3
Specimens examined.  OH1_6D1c, GTD2b, PA2_10D1a, VA3_2D1b, NY2_2D1b, 
GA3_10D1c.
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Mycelial type on apple peel. Ridged honeycomb (Fig 6A)
Cultural characteristics. Color on 4-week-old colonies on PDA was dark olive with 
iron gray underside. Margins were >1mm deep and even to lobed (Fig 6B). Highly 
mounded felty colonies had radial to irregular corrugations and pulled away from the 
bottom of the plate resulting in media breakage. Some droplets of liquid were present 
on colony surface. 
Conidia. Single-celled, tapered conidia were extruded in creamy gelatinous masses 
after 3 days on PDA; some of these conidia germinated at the apical end (Fig 6C and 
D). Other conidia developed after 7 to 10 days. Multi-celled conidia produced one and 
two-celled conidia (Fig 6E). Two-celled conidia were 14 (14) 21 μm ‘ 2 (3) 3 μm. 
Length of multicelled conidia varied but width was consistently 2 (3) 3 μm. 
Sterile mycelia sp. RH6
Specimens examined. MI3_20F1a, MI3_21F1b
Mycelial type on apple peels. Ridged honeycomb (Fig 6A)
Cultural characteristics. Four-week-old colonies on PDA were light gray olive with 
iron gray undersides. Colonies were flat and felty with even margins. 
Conidia.  No conidia were observed.
Sterile mycelia sp. RH7
Specimen examined. GA3_3D1b
Mycelial type on apple peels. Ridged honeycomb (Fig 6A)
Cultural characteristics. The centers of 4-week-old colonies on PDA were deep olive 
with gray tufts and yellow edges (Fig 8A); the undersides were black. Spherical, 
ellipsoid and irregularly shaped sclerotium-like bodies (Fig 8C and D) (125 μm 
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diameters for spherical, 170 ‘ 90 μm for ellipsoid and 115 ‘ 107.5 ‘ 57.5 μm for 
irregular were embedded in the media.
Felty, mounded, radially corrugated colonies had numerous dark droplets on the 
surface (Fig 8B).
Conidia.  No conidia were observed. 
Sterile mycelia RS6
Specimens examined. NY1_2.1C1b, OH1_6C1b
Mycelial type on apple peels.  Ramose 
Cultural characteristics. Centers of 4-week-old colonies on PDA were dark gray with 
olivaceous black edges and outer colony regions were white; undersides were 
olivaceous black to iron gray in color. Felty mounded colonies were radially 
corrugated and bottoms of colony pulled upward from the Petri plate, resulting in 
media breakage. Margins were deep (>1 mm), irregular and white. No diffusible 
pigments were observed in media. 
Conidia. Not observed.
Ramichloridium sp. FG10a
Specimens examined. KY1_6.1F1c, NC1_36F1a, PA1_4F1a, KY1_1.2F2b, 
KY1_16.2F1d
Mycelial type on apple peels. Fuliginous (Fig 7B)
Cultural characteristics. Four-week-old colonies on PDA were felty, pale smoke olive 
gray. Olivaceous black underside of the colonies had irregular cream-colored patches. 
Colonies pulled away from the bottom of the plate, breaking media. Margins were 
deep, even to slightly lobed.
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Conidia. Single-celled, hour-glass-shaped; 9 (12)15 μm ‘ 2 (3) 4 μm; produced in 
disarticulating chains (Fig 7E).
Ramichloridium sp. FG10b
Specimens examined. TN1_1.3F1a
Mycelial type on apple peesl. Fuliginous (Fig 7B)
Cultural characteristics. Four-week-old colonies on PDA were deep olive gray with 
olivaceous black undersides, flat with even margins (Fig 7A). 
Conidia. Single-celled conidia hour-glass-shaped, 9 (11) 14 μm ‘ 3 (3) 4 μm,  were 
produced in disarticulating chains (Fig 7D). Branching of disarticulated conidia was 
occasionally observed (Fig 7C).
DISCUSSION
The findings significantly advance the task of identifying important component 
species in the SBFS fungal complex on apples. Our study provides phylogenetic and 
morphological evidence to delineate 10 new putative species; however, three of these 
putative species were sterile in pure culture.  All isolates examined grouped near
Mycophaerella madeirae in rDNA analysis. 
Difficulty in isolating SBFS fungi from apple cuticle, plasticity of 
morphological characters on artificial growth media, and absence of spore production 
of some isolates (Hickey, 1960) has hindered classification of fungi in the SBFS 
complex. Although the genus Mycosphaerella is among the largest in the ascomycetes 
(Crous et al., 2007) and there are more than 100 described species in 
Mycospharellaceae classified as Pseudocercosporella, little is known about the 
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Pseudocercosporella species in the SBFS complex. Fungi in the SBFS complex vary 
significantly to geographical distribution (Díaz, 2007) and have different ecological 
requirements (Tarnowski et al., 2003; Hernandez et al., 2004; Le Corronc et al.,
2006). Tarnowski (2003) found differences in fungicide sensitivity between two 
different putative Pseudocercosporella spp., RH1 and RH2; however, detailed 
examination of morphological characters of these groups was not performed in that 
study. 
We have observed strong association between mycelial type on apple peel and 
the separation of clades based on ITS parsimony analysis (Fig 2.). Seven clades with 
ridged honeycomb mycelial type were grouped closely together and were separated by 
82% bootstrap support from the isolates with ramose mycelial type, and by 87% 
bootstrap support form clade of isolates with fuliginous mycelial type (Fig 2.). Two 
clades, RH 6 and RH 7, although sterile in artificial culture, exhibited ridged 
honeycomb mycelial type on apple; thus it is reasonable to hypothesize that they are 
Pseudocercosporella spp. since ridged honeycomb mycelial type is present only in 
Pseudocercosporella species. Isolates with fuliginous mycelial type on apple peel 
grouped with 100% bootstrap support and were clearly separated from the remaining 
Pseudocercosporella putative species. Based on our results, morphology of mycelial 
types on apple peel seems to correlate well with the results of the analysis of the ITS 
region of rDNA. This correspondence of mycelial type with genetic analysis was 
characteristic of previous studies of SBFS taxonomy (Batzer et al., 2005, Díaz et al., 
2007).
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Crous (1998) described Pseudocercosporella endophytica as forming 
numerous branches (sometimes called secondary conidiation) on primary conidia; the 
same character was observed in our Pseudocercosporella isolates. Crous (1998) also 
reported that conidia are sometimes borne in slimy masses, similar to our observations 
for putative species RH2.3. Robbertse et al. (1995) indicated that production of slimy 
masses of spores could be used to distinguish Pseudocercosporella sp. from 
Ramulispora. One putative species of Ramichloridium that grouped with 
Mycosphaerellaceae exhibited cultural characteristics similar to those described by 
Arzalnou et al. (2007) in growing slowly on artificial media with entire margins and 
velvety to hairy upper colony surface, compact form and olivaceous coloration. In the 
present study, these morphological findings, in conjunction with analysis of rDNA, 
warranted putative species delineation.
Considering the worldwide range and broad taxonomic diversity of the SBFS 
complex it is likely that future studies will continue to clarify taxonomic placement of 
SBFS species that group with Mycosphaerellaceae. Our study may be a useful guide 
for future taxonomic research on these fungi. 
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Table 1. Putative species, mycelial type on apple peels, number of isolates examined, total number of isolates in each 
putative species, ITS genotype, representative strain and GenBank accession numbers for LSU and ITS 
Putative Species
Mycelial Type 
on Apple 
Representative 
Isolates 
Examined
Total 
Number 
of 
Isolatesa
ITS 
Genotype
Representative 
Strain
GenBank
Accession Number 
LSU ITS
Pseudocercosporella sp RH 1 5 17 RH 1.1 KY3_20D1a FJ031988 FJ425195
8 43 RH 1.4 MA2_3.5D1d - -
2 3 RH 1.5 AHD4a - AY598861
Pseudocercosporella sp RH 2.1 2 5 RH 2.1 UMD_1a AY598902 AY598866
Pseudocercosporella sp RH 2.2 2 3 RH 2.2 UMD8b - -
Pseudocercosporella sp RH 2.3 6 12 RH 2.3 PA1_31D1a FJ031990 FJ425197
1 1 RH 2.4 MA2_1.2D1a - -
Pseudocercosporella sp RH 3 2 10 RH 1.3a OH1_34D2a FJ031989 FJ425196
4 7 RH 1.3b NY2_2D1b - -
Sterile mycelia RH 6 2 2 RH 6 MI3_20F1a FJ031994 FJ425201
Sterile mycelia RH 7
Ridged 
Honeycomb
1 1 RH 7 GA3_3D1b FJ425202 FJ031995
Sterile mycelia RS 6 Ramose 2 12 RS 6 OH1_6C1b FJ031991 FJ425198
Ramichloridium sp FG 10a 5 6 FG 10a NC1_36F1a - -
Ramichloridium sp FG 10b
Fuliginous
1 1 FG 10b TN1_1.3F1a FJ425200 FJ031993
a-Total number of isolates in surveys of apple orchards in 2000 & 2005 (Batzer et al., 2005; Díaz et al., 2007)
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Table 2. Putative species, ITS genotype, colony color, texture and delineating characters of 4-wk-old cultures grown on PDA
Putative 
Species
ITS 
Genotype
Mycelial 
Type on 
Apple Peels
Colony Top on 
PDAa
Colony 
Bottom on 
PDA
Mycelial 
Margins
Pigmentation 
of Growth 
Media
Mycelial 
Texture
Aerial 
Mycelia 
Present
Extrudes 
Masses of 
Spores
Hardened 
Gelatinous 
Tissue
Sclerotium-
like Bodies
Droplets 
of 
Exudate
RH 1.1
RH 1.2
RH 1.4
RH 1
RH 1.5
Ridged 
Honeycomb
Dark shades of 
Olive Grey
Iron Grey to 
Black
Deep to 
Slightly 
Lobed or 
Lobed
-
Felty, Colvoluted, 
Mounded High, 
Media Breakage
-
Yes (usually 
after 2 
months)
- - +
+ - - -
RH 2.1 RH 2.1
Ridged 
Honeycomb
Deep Olive to 
Dark Grey
No Creamy 
Patches
Irregular 
Deep
- Felty -
+ - + - -
RH 2.2 RH 2.2
Ridged 
Honeycomb
Deep Olive to 
Dark Gray
Creamy Patches 
on Dark 
Underside
+/-
RH 2.3 +/- + - + - -
RH 2.3
RH 2.4
Ridged 
Honeycomb
Deep Olive to 
Dark Grey
Creamy Patches 
on Dark 
Underside
Even, Round 
Colonies, 
Not Deep
+
Mycelial Tufts, 
Velvety
+ - + -
+
RH 1.3a -
RH 1.3
RH 1.3b
Ridged 
Honeycomb
Dark Olive Grey
Iron Grey Deep and 
Slightly 
Lobed
-
Corrugations 
Radial to 
Irregular, Felty, 
Some Media 
Brakage
-
Yes (3-20 
days – only 
streaked 
isolates)
- - +
RH 6 RH 6
Ridged 
Honeycomb
Light Grey Olive Iron black
Even, Not 
Deep
-
Felty Not 
Mounded
- - - - -
RH 7 RH 7
Deep Olive Grey 
Tufts
Black
Partially 
Sunken, 
Yellow
- Mounded high Some - - + +Ridged 
Honeycomb
RS 6 RH 4 Ramose
Dark Grey to 
Olivaceous Black, 
Slate Gray
Iron Grey
Irregular, 
Deep And 
White
-
Felty, Slight 
Radial Furrows
- - - - -
FG 10a RH 5 Pale Smoke Deep -
Felty to Velvety, 
Mounded High
- - - - -
FG 10b RH 5
Fuliginous
Fuliginous Deep Olive Grey
Iron Grey
Not deep -
Velvety Not 
Mounded High
Some - - - -
a-isolates were grown at room temperature in intermittent light on potato dextrose agar (PDA), b- Batzer et al., 2005
“+” and “–“represent whether character is present or absent, respectively. Combination of “+/-“ represents that some isolates in ITS genotype have the examined character, while other do not
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TN1_4.2D1
a
A
E
B
C
Fig. 3 Morphology of the clade RH 1. A- media breakage (isolate TN1_4.2D1a), B-
irregular corrugations and deep margins (isolate MI3_35D1c), C- conidia borne on 
hyphae, D-rounding of scolecopore before budding off (isolate MA2_3.5D1d), E- masses 
of spores (isolate TN1_4.2D1a), F- budding off of multicelled conidia (isolate 
KY3_20D1a) 
Bar size = 10μm
D
F
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Fig. 4 Morphology of the clade RH 2.2 A- shiny, hard regions of upper surface of colony 
on PDA with tufted aerial mycelia in the center of the colony (isolate GTC4a), B- pale 
yellow pigmentation diffused into media (isolate PA1_6D1b), C-tufted aerial mycelia 
(close up), D- germination of multicelled scolecospore with distinctive hour-glass-shaped 
structure formed (isolate UMD8b), E- germination of hour-glass-shaped conidium into
multicelled scolecospore (arrow) (isolate GTC4a)
Bar size = 10μm
A B
C
D
E
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Fig. 5 Morphology of clade RH 2.3. A-even margins (isolate MA2_1.2D2a), B-
numerous droplets on colony surface, C- aerial mycelia (isolate MA1_42D1c), D- aerial 
mycelia (close up) (isolate MA1_42D1c), E- two-celled, secondary conidia with 
constricted septa (arrow) (isolate MA2_1.2D1b) 
Bar size = 10μm
A B
D
C
E
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A B
E
Fig. 6 Morphology of clade RH 3. A- Ridged honeycomb mycelial type on apple peel, 
B- morphology of colonies with deep margins (black arrow) and gelatinous masses of 
spores produced on colony’s top surface (white arrow) (isolate OH3_6D1c), C and D-
single-celled, tapered conidia germinating (arrows) (isolate GTD2a), E-multicelled 
conidia (isolate NY2_2D1b) Bar size = 10μm
C
D
E
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D
A
C
B
E
Fig. 7 Morphology of clades FG10a and FG10b. A- colony morphology of FG10b (isolate 
TN1_1.3F1a), B- morphology of FG10a on apple peel (isolate KY1_16.2F1d), C- conidial 
branching of FG10b (isolate TN1_1.3F1a), D- conidia of FG10b in disarticulating chains 
(isolate TN1_1.3F1a), E- conidia of FG10a in disarticulating chains (isolate NC1_36F1a).
Bar size = 10μm
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Fig. 8 Morphology of clade RH 7. A- underside of colony with arrow pointing to yellow 
margins (isolate GA3_3D1b), B- upper surface of colony covered with droplets of exudate 
(arrow) (isolate GA3_3D1b), C, D – sclerotium-like bodies submerged into the growth media 
(isolate GA3_3D1b). Bar size = 10μm for image C and 25μm for image D
A
C
B
D
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CHAPTER 4: GENERAL CONCLUSIONS
Sooty blotch and flyspeck (SBFS) is an important fungal disease complex that 
occurs worldwide in humid climates on apple, pear and other fruits. The signs SBFS 
fungi live epiphytically on the apple fruit surface, but can considerably reduce the 
economic value of fresh apples.
The increased public awareness of health hazards associated with fungicide 
residuals and market pressure to reduce disease control costs have caused disease-
warning systems to grow progressively more important. One objective of the present
research was to compare the impact of using remotely estimated weather data and 
model-based corrections of those data as inputs to disease-warning systems for control 
of SBFS of apples and watermelon anthracnose.
Site-specific remotely estimated weather data has the potential to make 
disease-warning systems much simpler and easier to use since remote estimates 
received as an email free growers from the need to monitor weather.  Additional
positive feature of remote estimates is that it provides forecast data up to 72 hours into 
the future, as well as summaries of past (hindcast) data. Using forecasted data may 
greatly enhance disease containment. Especially important is the fact that many large-
scale growers need one or more days of advance warning in order to have time to 
apply a fungicide spray to their entire crop.
Our study was the first to validate application of model-corrected, remotely 
estimated weather information in disease-warning systems, (Brown-Sutton-Hartman 
disease-warning system, for SBFS control, and the MELCAST disease-warning 
system for control of watermelon anthracnose), in field trials. The results, although not 
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conclusive, suggest that using remotely estimated and model-corrected weather 
information as warning system inputs can protect against SBFS and anthracnose as 
well as, and sometimes better than, using on-site weather measurements. 
Little is known about the SBFS fungal complex as it was only recently 
discovered that the complex includes more that 60 species. Difficulties in isolating 
SBFS fungi from apple cuticle, variability of morphological characters that are 
observed on artificial growth media and absence of spore production of some isolates 
have hindered taxonomic classification. The findings presented in this thesis 
significantly advance the task of naming important component species in the SBFS 
fungal complex of apples. Our study provides phylogenetic and morphological 
evidence to delineate 10 new putative species. Considering the worldwide range and 
broad taxonomic diversity of the SBFS complex, it is likely that future studies will 
continue to clarify taxonomic placement of SBFS species that group with 
Mycosphaerellaceae. Our study, however, may be a useful guide for future research 
leading to more precise taxonomic placement of SBFS fungi.
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APPENDIX
Dates and a total number of leaf wetness duration (LWD) hours at which the second-
cover fungicide (Topsin-M 70WSB (5 oz) + Captan 50WP (1.5 lb)) spray was applied 
to treatments in the SBFS trials. 
Treatment
1 2 3 4 5 6 7 8 9
2007 1-Jul 5-Jul 2-Jul 5-Jul 5-Jul 5-Jul 21-Aug
LWD 
hours 169 191 179 202 180 221
Calendar
based
No fungicides
169
2008 2-Jul 25-Jul 2-Jul 25-Jul 2-Jul 25-Jul 22-Jul
LWD 
hours 191 337 191 194 191 282
Calendar 
based
No fungicides
179
